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Abstract 
The Accumulative Roll Bonding (ARB) process enables manufacturing of multi-layered aluminum sheet metals with outstanding 
mechanical properties. However, a significant increase in strength is accompanied by a reduced ductility. Besides, delamination
effects can occur during forming operations. Therefore, property gradients will be applied by short-term laser heat treatment 
according to the Tailored Heat Treated Blanks technology to enhance the formability and to enable the production of 
components. These gradients can be realized across the plane and in thickness direction of a blank. In this paper, property 
gradients in thickness direction are applied to multi-layered aluminum sheet metal with nanocrystalline grain structure produced
in the ARB process. Furthermore, the effect of different process parameters on the shape of the heat affected zone is presented.
The property gradients are characterized using micro hardness tests. Finally, the enhancement of the formability is proven using
air bending tests. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
According to Eder 2014, the rising demands for reduction of CO2 emissions regarding passenger cars require 
innovative approaches for lightweight construction. Using high strength materials, the reduction of the wall 
thickness of components is enabled. In this case, the application of high strength steels and press hardened steels is 
well-established. This leads to a significantly reduced mass of the vehicle. Another strategy is the application of light 
metals such as aluminum and aluminum alloys. The Audi spaceframe is a well-known example in this context (see 
Pudenz 2013). A new promising approach is the production of high strength aluminum in the Accumulative Roll 
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Bonding (ARB) process. In this context, multi-layered sheet metal with nanocrystalline grain structure is produced. 
Besides a significantly increased strength, these materials show a poor formability. Therefore, the Tailored Heat 
Treated Blanks (THTB) technology is applied. A local short-term laser heat treatment leads to a reduced strength 
and an enhanced ductility. It enables the realization of property gradients across the plane and the production of 
components out of nanocrystalline aluminum using forming technologies. Regarding forming operations such as 
bending, property gradients in thickness direction can lead to an additionally improved forming behavior. In 
addition, the ARB process route permits the combination of different alloys or materials in order to apply specific 
property distributions in thickness direction. In this paper, gradients in thickness direction of multi-layered 
aluminum with nanocrystalline grain structure are applied using a laser heat treatment. The resulting hardness 
distributions are characterized with micro hardness tests. Furthermore, the realization of differently shaped heat 
affected zones is demonstrated. Afterwards, air bending tests are performed to show the effect on the formability.  
2. Accumulative Roll Bonding and Tailored Heat Treated Blanks 
2.1. The Accumulative Roll Bonding process 
Accumulative Roll Bonding belongs to the group of severe plastic deformation (SPD) processes that are carried 
out to produce nanocrystalline materials. Saito et al. 1998 invented the ARB process that consists of three main steps 
(see Fig. 1). Firstly, the sheet is surface-treated to clean it from lubricants, to remove the oxide layer and to roughen 
the surface. Subsequently, the sheet is cut, stacked and roll bonded in the last step. This sequence can be repeated 
several times for achieving an increased number of layers on the one hand and to accumulate deformations as much 
as possible on the other hand. The high deformations lead to a grain refinement and an enhancement of the strength 
according to the law of Hall-Petch (Hall 1998) in addition to strain hardening. Besides a significantly enhanced 
strength, the nanocrystalline sheet metals show a decreased formability and increased strain rate sensitivity. The 
ARB process can be applied to several metals such as steel, aluminum, copper and titanium as shown by Topic 
2009.  
Fig. 1. Scheme of the Accumulative Roll Bonding process (according to Saito et al. 1998). 
Regarding aluminum alloys, the nanocrystalline grains develop after about four rolling cycles. The saturation 
considering tensile strength on the one hand and grain size on the other hand is reached after six to eight rolling 
cycles. After eight rolling cycles the sheets are consisting of 256 single layers. In order to produce lightweight 
construction components out of nanocrystalline aluminum using forming technologies, the formability has to be 
enhanced due to the poor ductility. 
2.2. Tailored Heat Treated Blanks 
The aluminum alloys of the 6000-series show a limited formability in the naturally aged condition. Therefore, the 
ductility has to be increased before forming. In this context, the Tailored Heat Treated Blanks technology according 
to Vollertsen and Lange 1998 has been developed. The blank is locally heat treated for some seconds and softened 
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in this area since the precipitates are dissolved. This strategy leads to a reduction of the required forming forces and 
an enhanced material flow to critical areas of a part. Merklein and Vogt 2010 showed that the drawing depth of a 
cross die geometry can be increased due to a local heat treatment from 29 mm to 53 mm. 
Regarding nanocrystalline aluminum, the local heat treatment can also be applied. A process window for multi-
layered AA6016 was developed by Merklein and Vogt 2010. In addition, Maier et al. 2012 described the mechanism 
of the local softening of nanocrystalline AA6016. The material properties change due to the combination of the 
dissolution of the precipitates and a local recrystallization.  
The short-term heat treatment with a typical maximum temperature of 400 °C and a holding time of less than 5 s 
can be done by conduction, induction or laser radiation. Concerning the development of a new process and the 
evaluation of process parameters, the laser is most suitable because of the flexibility regarding the process 
management and the heat treatment layouts. Moreover, the laser needs only short exposure times and offers the 
realization of locally limited heat treatment areas. This will enable the implementation of property gradients in 
thickness direction of thin sheets. 
3. Experiments 
3.1. Pure aluminum 
The tests in this paper were carried using pure aluminum AA1050 with a thickness of 1.0 mm and an initial 
hardness grade of H14/H24. Regarding nanocrystalline pure aluminum in comparison to nanocrystalline AA6016, 
the effects of a short-term heat treatment refer only to recrystallization and not to precipitation effects. Since 
precipitation mechanisms are also time-dependent, pure aluminum allows the efficient investigation of the heat 
treatment effects in connection with recrystallization. 
3.2. Rolling process 
The rolling process is carried out at the four-high rolling machine (Gerd Wolff/bkm, Germany) of the Neue 
Materialien Fürth GmbH. It enables the production of large-scaled ARB sheets and the joining of different materials 
since the working rolls can be heated to 250 °C. Regarding pure aluminum, the rolling process is performed at room 
temperature. Before rolling, the sheets are cleaned with acetone and wire-brushed with a stainless steel brush. The 
rolling speed is set to 3 m/min and the thickness reduction is about 50% in each rolling step. Small cracks at the 
edges of the strips are removed by laser-cutting using a CO2 laser (Trumpf, Germany). Sheets with two, four and six 
ARB cycles and a thickness of 1.0 mm are produced. These are therefore named with N2, N4 and N6, respectively. 
After the rolling process the sheets are stored at -25 °C to prevent recrystallization effects. The specimens with 
dimensions of 56 mm to 20 mm are cut without influence of heat using a shearing machine. 
3.3. Laser heat treatment 
The property gradients in thickness direction are applied using a Nd:YAG laser (Trumpf, Germany) with a 
maximum power of 4 kW and a Gaussian beam profile. For the manipulation of the laser optics an industrial robot 
(KUKA, Germany) with six DOF is used. In Fig. 2 there are sketches of the experimental setup (a) for the heat 
treatment and a heat treated specimen (b). The specimens were positioned in a special clamping device. On the 
bottom side of the specimens a pyrometer is used to record the temperature in the center of the heat treatment zone. 
In order to ensure a reproducible coupling of the laser beam on the one hand and to produce reliable data with the 
pyrometer on the other hand, the specimens are graphite coated on both sides. In this context, the emission 
coefficient was set to 0.95. According to Merklein and Vogt 2010, the maximum temperature is decisive for the 
resulting material properties regarding Tailored Heat Treated Blanks out of aluminum alloys. Therefore, the 
occurring maximum temperature was determined in each experiment. The laser heat treatment is performed in such 
a way that the specimen is irradiated along the bending edge. Each heat treatment consists of one single path with 
the specific parameter set. In this connection, no specific holding time is defined for the laser heat treatment. The 
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irradiation path starts some millimeters before the beam reaches the specimen and the laser beam is switched off 
some millimeters behind the specimen.  
In this first study, the effect of a local heat treatment on the property gradients in thickness direction is 
investigated. Therefore, the laser power, the feed rate and the spot size are taken into account. In the experiments the 
feed rate is kept constant at 0.1 m/s, since the influence of the feed rate refers to the influence of the laser power. 
The laser power was set to 600 W, 800 W and 1000 W in combination with a spot size of 4.3 mm. In preliminary 
tests it was shown, that with these parameters the temperature range relevant for recrystallization can be reached. 
The spot size is varied to demonstrate the implementation of specific property gradients in restricted areas of the 
blank on the one hand and homogeneous properties in thickness direction in a larger area of the blank on the other 
hand. In this case, 4.3 mm and 18 mm are considered. In order to achieve comparable energy densities, the 
experiments are carried out with 1000 W for 4.3 mm and 3000 W for 18 mm. The heat treatment is repeated six 
times for each combination of parameters to ensure the reproducibility proven by temperature measurements and to 
produce enough specimens for the hardness tests and bending experiments. 
Fig. 2. Scheme of the experimental setup for the heat treatment (a) and a heat treated specimen (b). 
3.4. Micro hardness tests 
The characterization of the heat-affected and softened zone of the specimens, respectively, is carried out with 
micro hardness tests according to DIN EN ISO 14577. Therefore, the cross sections of the heat treated specimens 
(see Fig. 3b) are embedded in resin and ground with to parallel planes. The tests are executed using a micro hardness 
testing machine (Fischer, Germany) with a pyramidal indentor and a testing force of 0.2 N. The testing force is 
raised for 20 s and afterwards held for another 5 s. The hardness is calculated from the indentation depth according 
to Martens and named with HM. In order to cover the whole heat affected zone, a matrix of indents is applied on 
each cross section. The distance of the indents is 0.1 mm in thickness direction and 0.3 mm across the width of the 
specimens.  
3.5. Air bending tests 
Since the property gradients in thickness direction will influence the formability, air bending tests are carried out 
according to DIN EN ISO 7438. The experimental setup is used as described by Maier et al. 2012. The punch radius 
is 1.2 mm and the die has a width of 6.2 mm with radi of 2 mm. The punch speed is set to 1.2 mm/s. The bending 
edge is located along the laser heat treatment route and the laser faced side of the specimen points away from the 
punch. In the bending tests punch force - bending angle curves are recorded. The tests are carried out at room 
temperature and every test is performed three times. 
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4. Results and discussion 
The initial hardness of the different rolling states is shown in Tab. 1. For N0 the hardness averages 
515 HM 0.2/5. The hardness increases in the first rolling cycles and remains about static in the further rolling cycles. 
After four rolling cycles the maximum hardness of medial 581 HM 0.2/5 was reached. 
Table 1. Mean values and standard deviation of the hardness of multi-layered AA1050 without heat treatment. 
Specimen Rolling cycles Number of layers HM 0.2/5 
N0 0 1 515±33 
N2 2 4 558±36 
N4 4 16 581±48 
N6 6 64 558±20 
Firstly, the influence of the rolling direction on the maximum temperature is investigated (see Fig. 3). Regarding 
three different parameter combinations, the variation of the maximum temperature due to the orientation of the feed 
direction of the laser to the rolling direction is comparatively low. Therefore, the following experiments are only 
performed with specimens with an orientation parallel to the rolling direction.  
Fig. 3. Effect of the orientation to rolling direction (RD) on the maximum temperature. 
In the next step, the influence of the number of rolling cycles and layers, respectively, on the hardness 
distribution is analyzed. In Fig. 4, the property gradients are shown for specimens with one, two and four rolling 
cycles. It is obvious, that the softened zone enlarges with an increasing number of layers. Since there is an increased 
dislocation density with a higher number of rolling steps there are more nuclei that lead to the growth of the grains 
and therefore the recrystallization is facilitated. As the nanocrystalline grains tend to recrystallize, enlarged softened 
zones are detected for four ARB cycles. In this context, the specimens with an increased number of layers and 
decreased grain size respond more sensitive to the laser heat treatment. Instead, the raised content of interfaces, 
embedded oxides and pores does not limit the heat input significantly. 
In addition, the effect of the laser power on the resulting property gradients is investigated. Fig. 5 shows that a 
laser power of 1000 W in comparison to 800 W leads to a wider and deeper softened zone. This enables the 
realization of different property gradients and furthermore the softening of the multi-layered aluminum to a certain 
level in thickness direction. The correlation between the softening and the increase of the grain size was proven 
using electron channeling contrast in a scanning electron microscope by Maier et al. 2012. 
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Fig. 4. Hardness distributions after laser heat treatment of AA1050 N4 with one, four and 16 layers. 
Fig. 5. Hardness distributions after heat treatment of AA1050 N6 with varied laser power. 
In order to study the possibility to limit the heat affected zone on the one hand and to apply a homogeneous 
softening in a larger area of the blank on the other hand, different spot sizes are used. Obviously, the laser power has 
to be raised for the heat treatment with an increased spot size. The effect on the softening of the nanocrystalline 
aluminum is shown in Fig. 6. The spot size of 4.3 mm results in a typical v-shaped softening zone. The heat 
treatment with a spot size of 18 mm leads to a homogeneous softening of the whole specimen with a width of 
20 mm. In this context, locally limited softened zones and larger areas of the blank with a homogeneous softening 
can be realized simultaneously. 
Fig. 6. Hardness distributions after heat treatment of AA1050 N4 with different spot sizes. 
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Moreover, the effect of these laser-assisted property gradients on the formability is proven using air bending tests 
and referring to the specimens and parameter combinations shown in Fig. 5 and 6. In Fig. 7 the evaluated punch 
force - bending angle curves are shown. The as rolled specimens show the highest punch force in both cases and 
bending of the heat treated specimens requires significantly lower forces. Furthermore, the experiments with 
1000 W for AA1050 N6 and with a spot size of 18 mm for AA1050 N4, respectively, reveal the lowest punch force.  
Fig. 7. Punch force - bending angle curves of laser heat treated AA1050. 
Consequently, there is a correlation between the extent of the softened zone and the required forming forces. In 
this context, the v-shaped property gradients in thickness direction resemble the damage affected zone in air bending 
operations according to Tsoupis et al. 2013 (see Fig. 8). Therefore, these property gradients will lead to an enhanced 
formability and a reduced risk of failure due to the enhanced ductility in this area. 
Fig. 8. Exemplary hardness distribution after laser heat treatment (a) and scheme of the damage affected zone in air bending operations (b). 
This effect enables a new strategy for production and forming of multi-layered aluminum. On the one hand, 
property gradients across the plane can be implemented according to the established Tailored Heat Treated Blanks 
technology (see Vollertsen and Lange 1998). However, in these areas of multi-layered aluminum a homogeneous 
softening can be realized using an increased spot size. On the other hand, property gradients can be applied in 
thickness direction, too. The nanocrystalline layers have not to be softened completely but only to a certain degree 
which is necessary for an error-free forming process. Regarding bending operations, only the upper layers, where 
tensile stresses occur, have to be heat treated, whereas the material remains harder in the bottom layers.  
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5. Summary and outlook 
In this paper, the laser heat treatment of nanocrystalline aluminum produced in the Accumulative Roll Bonding 
was investigated. Furthermore, the implementation of property gradients in thickness direction of multi-layered 
aluminum sheet metal was analyzed. Firstly, the multi-layered AA1050 was produced using a four-high rolling 
machine. The subsequent local heat treatment was done with a Nd:YAG laser. Afterwards, micro hardness tests and 
air bending tests were carried out. 
The experiments showed that the rolling direction does not have an influence on the resulting maximum 
temperature during heat treatment. Moreover, sheets with an increased number of layers and rolling cycles, 
respectively, showed enlarged softened areas. This refers to the reduced grain size and the increased number of 
nuclei for recrystallization. In addition, a higher laser power leads to a wider and deeper heat affected zone which 
was proven using micro hardness tests. Considering the variation of the spot size of the laser beam, it enables the 
implementation of locally limited softened areas with a hardness gradient in thickness direction on the one hand and 
the homogeneous softening of larger areas of a blank on the other hand. The bending tests revealed the significant 
reduction of the required forming forces after a local heat treatment. Furthermore, a correlation between the extent 
of the softened zone and the punch force was found. These findings pave the way for Tailored Blanks out of multi-
layered sheet metal with property gradients in thickness direction and across the plane due to a specific laser heat 
treatment. This strategy will enable the error free production of components from nanocrystalline aluminum using 
forming technologies. 
In future investigations, the design of Tailored Blanks out of multi-layered aluminum in combination with 
different types of gradients due to laser heat treatment has to be considered. Another aspect is the transfer of these 
findings to ARB processed aluminum alloys such as AA6016. 
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